Introduction
Polycyclic aromatic hydrocarbons (PAHs), some of which are carcinogenic, 1 are formed through incomplete combustion in anthropogenic processes, such as burning of fossil fuels, and in natural processes, such as forest fires. 2 Because they are transported long distances, PAHs are found in most environmental samples throughout the world, including some recognized as being little affected by human activities. [3] [4] [5] It is therefore necessary to monitor the levels of emitted PAHs not only in highly contaminated samples, but also in lesscontaminated samples.
To determine the PAHs in sediment samples, they must first be extracted from the matrices with solvents. The conventional extraction techniques, Soxhlet extraction and ultrasonic extraction, have been used for the extraction of PAHs for a long time. Recently, pressurized liquid extraction (PLE) was developed for the extraction of organic compounds from solid samples, especially sediment, soil, and particulate matter. [6] [7] [8] [9] It is one of the most effective techniques for the extraction of PAHs. 7, 9 In our previous study, we reported that PLE is the most effective technique for the extraction of PAHs in littlecontaminated sediment samples. 9 Because PLE involves harsh extraction conditions, which would be expected to permit a more effective extraction of PAHs, 9 the influence on analytical results under those conditions should also be examined.
In 1998, the Environment Agency of Japan established an official procedure for analyzing benzo[a]pyrene (BaP), a PAH, in sediment samples. 10 This procedure involves shaking and ultrasonic extraction with acetone at room temperature. The concentrations of BaP in Japan are monitored according to this procedure. [11] [12] [13] Although one study found that ultrasonic extraction can obtain comparable yields to those obtained by other techniques, 14 another found that this procedure is not as efficient at extracting BaP as Soxhlet extraction. 15 Although both Soxhlet extraction [16] [17] [18] [19] and PLE 20 have also been used to determine PAHs in sediments collected in Japan, differences in the yields of PAHs obtained by PLE and the Japanese official method can be expected to be the largest among extraction methods if they occur. 20 In this study, we optimized the temperature and pressure of extraction by PLE. We then compared the results with those obtained by the Japanese official method. The influence of the octanol-water partitioning coefficient (log Kow) of each PAH on the results is discussed.
Experimental

Samples
The sediment used in this study was collected from a lake in Japan as a candidate for a Japanese reference material for environmental analysis. 9 The amount of water in the sample was determined by heating the sediment at 105˚C for 6 h, and was calculated to be 2.6%.
Reagents
Crystalline phenanthrene was obtained from Supelco (Bellefonte, PA To improve the extraction of polycyclic aromatic hydrocarbons (PAHs) from sediment samples, we optimized the conditions of pressurized liquid extraction (PLE). The yields increased as the extraction temperature increased from 100 to 190˚C, but the effect of increasing pressure (from 15 to 20 MPa) was small. Parameters of 190˚C and 20 MPa, near the maximum of the equipment, gave the highest yield. Under these conditions, the yields of 17 PAHs were 1.5 -34 times those obtained by the Japanese official method (shaking and ultrasonic extraction with acetone at room temperature). source and used as a syringe spike for calculating recovery yields. Crystalline p-quaterphenyl was obtained from Wako (Osaka, Japan) and used as a syringe spike when 20 PAHs were quantified. Toluene, acetone, n-hexane, diethyl ether, and anhydrous Na2SO4 (Kanto Chemical, Tokyo, Japan) were of pesticide-or PCB-analysis grade. Activated copper powder was obtained from Kishida Chemical (Osaka, Japan).
Preparation of calibration and surrogate solutions
The preparation of calibration, surrogate, and syringe spike solutions for optimizing the PLE conditions were prepared as reported previously. 9 In summary, each of the crystalline PAHs was dissolved in toluene, and the resulting solutions were combined. A syringe-spike solution for calculating the recovery yield was prepared by dissolving crystalline [ 2 H12]perylene in toluene. All 13 C-PAH solutions were combined, and part of the mixture was diluted with toluene to give a surrogate solution. The remainder of the mixture was added to a mixture of native PAHs to form calibration solutions. To quantify 20 PAHs, calibration, surrogate, and syringe spike solutions were prepared as described above, although SRM2260a was used for the PAH mixture and p-quaterphenyl was used for the syringe spike.
PLE
PLE was performed as reported. 9, 21 In summary, it was performed in a Dionex (Sunnyvale, CA) ASE 200 system. A cellulose filter was placed at the bottom of a cell, and 5 g of the sediment and a few grams of anhydrous Na2SO4 were added, followed by the addition of 400 mL of a surrogate solution. The cell was kept overnight at room temperature in darkness, and the sediment samples were extracted with toluene under a static condition (100, 150, 160, 170, 180, or 190˚C under 15 or 20 MPa) for 10 min (two cycles). PLE was performed in triplicate for optimization and in quintuplicate for quantification of 20 PAHs.
The extract was transferred to a glass vial, and a small amount of activated copper powder was added to remove any elemental sulfur. 21 After filtration through a PTFE membrane filter (0.1-mm pore size), the extract was concentrated. The concentrated extracts were cleaned up through a silica-gel solid-phase extraction (SPE) cartridge (500 mg/3 mL Isolute Silica, International Sorbent Technology, Hengoed, UK). 21 After adding the syringe spike, the hexane was evaporated and replaced with toluene (final volume: 100 mL).
Blank samples of all extractions were prepared as for the sediment extracts, except for omission of the sediment sample and the surrogate solution.
Japanese official method
The Japanese official method for the determination of organochlorine pesticides and BaP in sediments 10 was performed, with some modifications. After the addition of 5 mL of water and 400 mL of a surrogate solution, 5 g of sediment was extracted with 25 mL of acetone by mechanical shaking (10 min) and ultrasonication in an ultrasonic water bath (10 min). The mixture was centrifuged (3000 rpm, 10 min), and the supernatant was decanted. Acetone was then added to the precipitate, and the extraction and centrifugation were repeated twice. The resulting supernatants were combined and shaken with 250 mL of 5% NaCl and 25 mL of n-hexane in a 500-mL separatory funnel. The lower layer was re-extracted with 25 mL of n-hexane. The combined n-hexane layers were dried with 5 g of anhydrous Na2SO4 and concentrated to 5 mL on a rotary evaporator. The concentrated extracts were cleaned up through a Florisil cartridge (10 g/60 mL Mega BE-FL, Varian, Palo Alto, CA). PAHs were eluted with 100 mL of n-hexane and 100 mL of n-hexane/diethyl ether (96:4, v/v). After adding the syringespike, the solvent was evaporated and replaced with toluene (final volume: 100 mL). Extractions were performed in quintuplicate. Gas chromatography-mass spectrometry Gas chromatography-quadrupole mass spectrometry (GC-QMS) was carried out with an Agilent Technologies (Palo Alto, CA) 6890/5975 system, and GC-high-resolution MS (GC-HRMS) using a magnetic sector-type mass spectrometer was carried out with an Agilent Technologies 6890 system equipped with an AutoSpec NTS spectrometer (Micromass, Manchester, UK; resolution > 10000). The GC system was operated as reported previously. 9, 20, 21 Data for the quantification of GC-QMS and GC-HRMS were obtained under the selected-ion monitoring mode, as summarized in Table 1 . The PAH concentrations were calculated by comparing the peak areas using the internal-standard technique.
Results and Discussion
Optimization of extraction temperature and pressure in PLE
Temperature is one of the most important factors in extracting target compounds from environmental matrices. 22, 23 Since Soxhlet extraction is performed at atmospheric pressure, the extraction temperature depends on the boiling point of the extraction solvent. 22 PLE can achieve a higher temperature on account of the higher pressure. 23 PLE with toluene at 150˚C under 15 MPa for 10 min (2 cycles) obtained 1.2 -1.7 times the yield of the five PAHs as Soxhlet extraction with Hex/Ace for 16 h. 9 However, because PLE can be set to harsher conditions (temperature, £ 200˚C; pressure, £ 20 MPa), it should extract more PAHs. We thus examined both the temperature and the pressure of PLE on the yields of PAHs. Figure 1 shows the yields of phenanthrene (Phen), fluoranthene (Flth), benz[a]anthracene (BaA), benzo[a]pyrene (BaP), and benzo[ghi]perylene (BghiP) obtained by PLE with toluene at 100 to 190˚C under 15 or 20 MPa. The yields of all five PAHs obtained at 100˚C showed the smallest value, and the yield increases were small, but significant, as the temperature increased from 150 to 190˚C (1.07 -1.22¥, Student's t-test, P < 0.05). On the other hand, differences in the yields between 15 and 20 MPa were minor at all temperatures (0.92 -1.05¥). The differences in the recoveries of spiked 13 C-PAHs among the extraction temperatures were small, and seemed not to depend on the extraction temperature under either 15 or 20 MPa (Fig.  1b) . These results suggest that increasing the temperature improved the extraction efficiencies of PAHs, and that the extraction pressure is not the major factor, as reported previously. 23 As the extraction temperature increases, there is a possibility that both decomposed and unexpected compounds will also be extracted. If the peaks of coextracted compounds overlap the peaks of the target PAHs in the mass chromatograms, the yields could be overestimated. To confirm that the yield increases really did originate from increased efficiencies of extraction, we analyzed the same extracts by GC-HRMS, which is much less affected by coextracted compounds, on account of its higher selectivity. Figure 2 shows the relationship between the GC-QMS and GC-HRMS yields from the same extracts obtained at 100 to 190˚C under 15 and 20 MPa. All five PAHs showed a strong and positive relationship under all 12 conditions (r = 0.963 for Phen, r = 0.992 for Flth, r = 0.988 for BaA, r = 0.925 for BaP, and r = 0.898 for BghiP; P < 0.05), with GC-QMS to GC-HRMS ratios of 0.99 for Phen, 1.01 for Flth, 1.00 for BaA, 1.13 for BaP, and 1.00 for BghiP. The comparable yields by both methods suggest that the higher yields obtained at higher temperatures are not due to the overlapping of coextracted compounds on the PAH peaks in the chromatograms, but result from an increase in the efficiency of extraction. Thus, we selected PLE at 190˚C under 20 MPa as the optimized condition.
Differences in yields obtained by the Japanese official method and PLE
In Japan, the most widely used method for the determination of BaP in sediment samples is the official method established by the Environment Agency in 1998. 10 Using this method, not only BaP, but other PAHs, were also determined.
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Thus, we compared the yields of PAHs obtained by PLE at 190˚C under 20 MPa and by the Japanese official method. Figure 3 shows the yields of 20 PAHs by both methods (a) and the recoveries of spiked 13 C-PAHs (b). Among 16 PAHs prioritized as pollutants by the US Environmental Protection Agency, neither method found acenaphthylene or acenaphthene, and fluorene can be determined only by the Japanese official method, because co-extracted compounds overlap the peak in the PLE chromatogram. Although both extraction techniques showed good repeatability (SD = 1.6 -13.4% for PLE and 1.5 -10.3% for the Japanese official method; n = 3), the yields of PAHs obtained by the Japanese official method were 0.03 -0.68 C6-phenanthrene, 13 C6-anthracene, 13 C6-fluoranthene, and 13 C3-pyrene) were extracted at comparable efficiencies by both methods. The obvious lower reproducibility of 13 C6-acenaphthene using PLE originates from interference in the chromatogram by coextracted compounds.
The recoveries of both 13 C6-phenanthrene and 13 C6-fluoranthene were comparable to those during clean up. 20 Since volatilization of both is significant during clean up, 20 we consider that these eight lighter 13 C-PAHs were sufficiently extracted. On the other hand, the official method extracted the heavier 13 C-PAHs at efficiencies of 15 -66% lower than those obtained by PLE; the least efficient was 13 C6-dibenz[a,h]anthracene.
Since one of the most important factors controlling the behaviors of PAHs in the matrix is the octanol-water partitioning coefficient (log Kow), 24 and log Kow of each PAH (and the corresponding 13 C-PAH) increases as the number of benzene rings increases, the lower recoveries of the heavier 13 C-PAHs can be attributed to adsorption on the matrix during extraction.
Influence of octanol-water partitioning coefficient of each PAH
Heavier PAHs, having a higher log Kow, are difficult to extract owing to their higher affinity for the matrix. 9, 25 However, differences in the yields obtained by the Japanese official method and PLE do not change simply with log Kow (Fig. 3a) . These facts suggest that the log Kow of each PAH alone does not explain the magnitude of the underestimation for each PAH. Figure 4 shows the relationships between log Kow and the Table 1 . Error bars indicate the standard deviation (n = 5). n.d., not determined. Fig. 4 Relationships of log Kow to the ratios of the yields (a) and recovery yields (A) obtained by the Japanese official method to those by PLE. PLE was performed with toluene at 190˚C under 20 MPa for 10 min (2 cycles). log Kow data were obtained from Ref. 24. ratios of the yields and recoveries obtained by the Japanese official method to those by PLE. Since the log Kow data in Ref. 24 do not cover all PAHs examined (17 PAHs determined by both PLE and the Japanese official method), the numbers of plots are less than those in Fig. 3 . The low ratios in this figure indicate large differences in the yields obtained by PLE and the Japanese official method. The ratios of the yields by the official method to those by PLE were from 0.03 to 0.68. For the relationships between the ratios and log Kow, PLE gave positive correlations with log Kow (r = 0.37; P < 0.05). This result suggests that heavier PAHs having a higher log Kow show smaller differences in the yields obtained by the Japanese official method and PLE. On the other hand, the ratios of the recoveries by the Japanese official method to those by PLE show negative relationships with log Kow. This result suggests that heavier 13 C-PAHs, having higher log Kow values, are more easily adsorbed on the matrix during extraction, only when the Japanese official method was used, since PLE can achieve constant recoveries for heavier 13 C-PAHs (Figs. 1 and 3b ).
Since we calculated the yields from the peak ratios of native PAHs to corresponding 13 C-PAHs in the MS chromatogram of the extracts, the adsorption of spiked 13 C-PAHs on the sediment sample during extraction suppressed the differences in the yield. Thus, the differences in the yields obtained by PLE under the optimized condition and by the Japanese official method ranged within one order of magnitude for most PAHs.
